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Abstract Utilization of germplasm for crop improvement

is often hampered by absence of information regarding

origin, genetic identity and genealogical relationships of

germplasm groups or populations. Molecular marker

technology offers an efficient tool to verify or reconstruct

passport data. Using a high-throughput genotyping system

with 15 microsatellite loci, we fingerprinted 482 accessions

in 48 putative half-sib families of Refractario cacao (a

group of germplasm collected from nine farms in Ecuador).

Based on the multilocus profiles, a Bayesian method for

individual assignment was applied to verify membership in

each half-sib family. Multivariate statistical analysis

showed that the Refractario genetic profile was different

from other groups tested, except for the ‘‘Nacional’’ cacao

from the coastal valley of Ecuador. Hierarchical parti-

tioning of genetic variance in the Refractario cacao showed

that 76% of the variation was contributed by intra-family

difference, whereas the inter-family and inter-farm differ-

ence accounted for 15 and 9% of total variance, respec-

tively. All three sources of variation were highly significant

(P < 0.01). Cluster and Principal Coordinates Analyses

revealed a population sub-structure in Refractario, which

was also highly heterozygous, suggesting hybridization

derived from Nacional cacao and multiple other parental

varieties, which all shared a similar genetic background.

The improved understanding of identities and structure in

Refractario cacao will contribute to more efficient con-

servation and use of this germplasm group in cacao

breeding.

Keywords DNA fingerprinting � Ecuador � Germplasm �
Genetic diversity � Population structure � South America �
Theobroma cacao L.

Introduction

Efficient utilization of plant germplasm held in genebanks

is largely dependent on the availability and accuracy of

the passport data and other related information. The ab-

sence of detailed knowledge regarding the origin, genetic

identity, relationships among individual progenies and

population structure has hampered the potential exploita-

tion of germplasm in crop improvement, and has been the

case with cacao germplasm. Cacao is native to the South

American rainforest with its putative centre of diversity

located in the upper Amazon region of Peru, Ecuador and

Colombia (Cuatrecasas 1964; Cheesman 1944; Bartley

2005). The species comprises a large number of highly

morphologically variable populations, which can be

crossed with each other (Cheesman 1944; Pound 1945;

Bartley 2005). The majority of the cacao germplasm held

in the International Cacao Genebank, Trinidad (ICG,T)

was collected in the 1930s and the passport data were
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either incomplete or had many ambiguities (Lockwood

and End 1993; Motilal and Butler 2003). Cacao germ-

plasm is usually clonally propagated and maintained as

living trees in germplasm collections, because the seeds

do not remain viable for much longer than a week after

harvesting (Coe and Coe 1996). Managing large collec-

tions of cacao germplasm is operationally challenging.

Errors of documentation commonly occur during the

transportation, propagation or maintenance of material,

when germplasm was exchanged or otherwise obtained at

different times, resulting in a large numbers of trees with

unconfirmed identities (Motilal and Butler 2003; Turnbull

et al. 2004).

A substantial amount of work has been reported on the

use of molecular markers for cacao germplasm manage-

ment (Engels 1986; Laurent et al. 1993, 1994; Lerceteau

et al. 1997; N’Goran et al. 2000; Sounigo et al. 1996,

2001). Since the development of simple sequence repeat

(SSR) markers for cacao (Lanaud et al. 1999), SSR-based

DNA fingerprinting has been increasingly applied in cacao

germplasm characterization (Charters and Wilkinson 2000;

Lanaud et al. 2001; Motamayor et al. 2002, 2003; Saun-

ders et al. 2001, 2004; Cryer et al. 2006; Schnell et al.

2005; Takrama et al. 2005). However, application of

molecular markers for large-scale genotyping of genebank

collection and comprehensive characterization of whole

germplasm groups has been scarce.

‘‘Refractario’’ cacao originated from a large group of

germplasm selected during the 1920s from the coastal

valley of Ecuador for it’s potential resistance to witches’

broom disease (Pound 1938, 1943). Uninfected trees (or

those with slight infection) were selected around 1923, and

seedlings from fruits of these trees were raised in nurseries

and subjected to natural infection. The plants that passed

the nursery screening were then established on various

farms in Ecuador. The Refractario germplasm in the ICG,T

refers to progeny from fruit collected in 1937 from trees on

farms in Ecuador with an absence of infection by witches’

broom disease [caused by Crinipellis perniciosa (Stahel)

Singer] (Pound 1938, 1943; Bartley 2001). In the 1938

report, the collector, Dr. F. J. Pound stated that fruits were

collected from ‘‘some’’ 80 trees, each being a seedling

progeny of a ‘‘Refractario’’ type that was 5–10 years old.

Seeds from these fruits were bulked and sent to Barbados

for quarantine purposes where the seedlings were raised

(Pound 1938, 1943). The Refractario accession group was

subsequently transferred to Trinidad in the form of bud-

wood and was planted in Marper Farm in Plum Mitan,

Manzanilla and Trinidad. Later, the ICG,T was established

in the 1980s at the University Cacao Research Station,

Centeno under the management of the Cacao Research

Unit (CRU) of The University of the West Indies (Kennedy

and Mooleedhar 1993). The entire set of surviving

Refractario accessions was re-propagated and planted with

about 16 replicated trees in each plot.

Today, the Refractario group accounts for roughly one

quarter of the 2,300 accessions of cacao germplasm held in

ICG,T. However, this accession group has so far not been

widely used for cacao breeding. This is largely due to the

absence of detailed knowledge regarding their origins,

genetic composition and the relationships among the

progenies. Until a few years ago, there was paucity of

information regarding the nomenclature of these progenies

(Bartley 2000). The locations where the uninfected ‘‘Re-

fractario’’ trees were growing were never clearly given.

Furthermore, there were insufficient details on the actual

genetic composition of the progenies from which the seeds

were collected, or their relationship with other germplasm

groups held in the genebank (Bartley 2000, 2001).

In this paper, we report a study in which 15 SSR loci

were used to characterize the Refractario accessions. Our

objectives were to (1) identify mislabelled accessions in the

Refractario group; (2) quantify the genetic diversity within

and among different farms (Hacienadas); and (3) assess the

genetic relationship between Refractario and other cacao

germplasm groups. This study is a part of the International

collaborative project on DNA fingerprinting of cacao

germplasm in the Americas. The resultant information will

improve our understanding about the South American ca-

cao gene pool, and facilitate the efficient use of the Ecu-

adorian germplasm for cacao genetic improvement.

Materials and methods

Plant material and DNA isolation

For this experiment, a total of 482 accessions, representing

48 half-sib families were used, most of which came from

Marper Farm in Trinidad where most of the original trees

are still present. The name of the 48 half-sib families, as

well as the nine farms from which they were originally

collected, are listed in Table 1. Leaf samples of variable

ages were collected from each accession and each sampled

branch was tagged for potential revisiting. In several cases,

putative duplicate trees from a different field and plot were

sampled, which resulted in two or three samples for these

accessions. Therefore, each sample was labelled with both

accession name and DNA extraction number and kept as an

individual sample for profiling.

The study also included a group of ‘‘control’’ accessions

comprised of:

• Twenty-seven Parinari accessions and 22 ICS acces-

sions from the San Juan Estate and Marper Farm in

Trinidad.
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• Eleven additional international clones from the collec-

tions at ICG,T and Centro Agronómico Tropical de

Investigación y Enseñanza, Costa Rica (CATIE): three

Lower-Amazon Forasteros (BE-3, Amelonado-15, A-

melonado-22), one Criollo (Criollo 13), one French

Guiana wild cacao (GU 102/A), six hybrids from

Nacional cacao (NAL 1, NAL 2, NAL 3, NAL 4, UF

705 and EET 96).

• Four Nacional accessions (Las Brisas 20, La Gloria 24,

CCAT 11/19 and EB 04/02) from INIAP (Instituto

Nacional de Investigaciones AgroPecuarias) Ecuador.

DNA was extracted at CRU following the protocol of

Kobayashi et al. (1998) and quantified with ethidium-

staining in 1% agarose gels. Aliquots of 50 ll were pre-

pared and shipped to the USDA Beltsville Agricultural

Research Center.

SSR analysis

Amplification of microsatellite loci used 15 primers with

sequences previously described (Lanaud et al. 1999; Ris-

terucci et al. 2000; Saunders et al. 2004). These 15 loci

have been suggested as a standardized SSR primers to

characterize all T. cacao germplasm collections (Saunders

et al. 2001, 2004). This set of SSR primers has been used

for cacao genotyping in several germplasm collections

(Boccara and Zhang 2006; Zhang et al. 2006a, b). Primers

were synthesized by Proligo (Boulder, CO, USA) and

forward primers were 5¢-labelled using WellRED fluores-

cent dyes (Beckman Coulter Inc., Fullerton, CA, USA).

PCR was performed as described in Saunders et al. (2004),

using commercial hot-start PCR SuperMixes that had been

fortified with an additional 30 U/ml of hot-start Taq DNA

polymerase (Invitrogen Platinum Taq, Carlsbad, CA, USA;

or Eppendorf HotMaster Taq, Brinkman, Westbury, NY,

USA).

The amplified microsatellite loci were separated by

capillary electrophoresis as previously described (Saunders

et al. 2004; Zhang et al. 2006b). Data analysis was per-

formed using the CEQ 8000 Fragment Analysis software

Version 7.0.55 according to manufacturers’ recommenda-

tions (Beckman Coulter Inc.). SSR fragment sizes were

automatically calculated to two decimal places by the

CEQTM 8000 Genetic Analysis System. Allele calling was

performed using the CEQ 8000 binning wizard software

(CEQ 8000 software Version 7.0.55, Beckman Coulter

Inc.).

Data analysis

For the verification of the genetic identity of each

accession in the Refractario germplasm, we used a

Bayesian test to assign each individual to its corre-

sponding half-sib family. The program Structure Version

2.0 (Pritchard et al. 2000) was used for computation. The

assumptions of k varies from 2 (e.g. in Hacienda Amalia

Table 1 Refractario accessions and their home families assigned by Bayesian clustering method

Farm (Hacienda) Accession

series

Number of half-sib

families

Number of genotyped

progenies

Number of correctly

assigned progenies

% Error

ratea

Amalia AM 2 71 46 35.2

Balao B 17 57 39 31.6

Clementina CL 6 59 47 20.3

Clementina mixedc CLM Unknown 18 11 Unknown

Javilla JA 6 76 58 23.7

La Paz LP 5 52 39 25.0

Lb LX 1 14 9 35.7

Moquique MOQ 6 75 53 29.3

San Juan SJ 2 33 22 33.3

Santa Lucia SLA, SLC 2 27 24 11.1

Total 48 482 348 27.3

The threshold of assignment probability was P = 0.90
a The computation of mean error rate does not include the group of ‘‘Clementina mixed’’
b There was no information regarding the source of the Hacienda ‘‘L’’ in Pound’s collecting report (Pound 1938, 1945). Bartley (2000, 2001)

expressed doubt about the exact meaning of ‘‘L’’
c Accessions labelled as ‘‘Clementina mixed’’ were originally collected from the Clementina farm. These accessions were named separately

because the number of half-sib families in this group was unknown. The result of assignment test shown that 11 of the 18 accessions used in the

present study can be assigned to a single family, whereas the rest seven accessions could not be decided. Therefore, these 11 accessions were

counted as one family and were merged with the Clementina group in the subsequent analysis
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and San Juan, where fruits were taken from two trees) to

20 (e.g. in Hacienda Balao, where fruits were taken from

20 trees). All Structure runs used 10,000 iterations after a

burn-in of length 10,000. The assignment probabilities

then were computed for each individual, showing the

degree to which its genome was classified into each

cluster. The allocation of the individual to a particular

cluster was set at not <90% probability. The individuals

that were not assigned to the ‘‘home family’’ were

considered as putatively mislabelled and were excluded

from the subsequent analysis of intra- and inter-popula-

tion variation.

The summary statistics for each marker locus, includ-

ing allele number (Nei 1987), observed heterozygosity

(Ho) and gene diversity were computed using Power-

Marker Version 3.0 (Liu and Muse 2005). The Exact HW

test (Guo and Thompson 1992) was used to test the

deviation from HW equilibrium and was performed by the

same program.

The within-population inbreeding coefficient (FIS) was

calculated and tested for significance by FSTAT (Version

2.9.3, Goudet 2001).

Genetic structures in the Refractario group were

analysed by a hierarchical analysis of molecular variance

(AMOVA, Excoffier et al. 1992), implemented in the

software of Arlequin 3.0 (Excoffier et al. 2005). The total

molecular variance was partitioned as among farms,

among-families/within farm and among individuals/within

family. The significance of F statistics was tested by

permutation, with the probability of non-differentiation,

for 1,000 randomizations. Genetic distance was calcu-

lated among all possible pairs of farms, families and

individuals using the program PowerMarker Version 3.0

(Liu and Muse 2005). The pair-wise distances between

farms followed the definition of Nei et al. (1983) and the

distances among all pairs of farms were presented in a

dendrogram using the UPGMA algorithm implemented in

PowerMarker Version 3.0. Two reference populations,

the Parinari population from Peru and the ICS population

from Trinidad were included in the cluster analysis. The

pair-wise distances among all families were calculated as

Euclidian distance. The among-family distances were

presented in a two dimensional scaling plot using the

Multidimensional Scaling (MDS) procedure of SAS (SAS

1999). The pair-wise distances among all individuals

were computed using the program GenAlEx (Peakall and

Smouse 2006) and presented using a Principal Coordi-

nates Analysis implemented in the same program. Thir-

teen international clones and four Nacional accessions

were included as references in the Principal Coordinates

Analysis.

Results

Identification of putative mislabelling using

the Bayesian assignment test

With the prior knowledge of the family membership in

each farm, a total of 348 accessions were correctly as-

signed to the 48 known half-sib families at a 90% threshold

value. There were 134 accessions that failed to meet this

threshold assignment probability, and were thus catego-

rized as mislabelled (Table 1). Mislabelling ranged from

11.1 (Santa Lucia Farm) to 35.7% (L Farm) with an

average rate of misidentification of 27.3% within the Re-

fractario group. Nevertheless, the result showed that even

with a high threshold probability (0.90), the majority of

accessions (72.7%) could be assigned to home families that

correctly corresponded to their membership in known

families from different farms. Within each farm, ambigu-

ously classified members were not used in subsequent

diversity analysis. An example of the results of the

assignment test for the accessions from the Amalia Farm is

presented in Table 2. In this case, only two families were

involved. Forty-six trees were assigned to the two families

in Amalia Farm. For the purpose of the present study, the

remaining 25 trees were considered to be mislabelled.

Genetic variation within the Refractario germplasm

group

The total number of alleles discovered in the Refractario

group was 63, with a range of two to seven alleles per locus

and a mean of 4.2 alleles per locus (Table 3). The Re-

fractario accessions appeared highly heterozygous. The

mean expected heterozygosity ranged from 0.238 to 0.698,

with an average of 0.561, whereas the mean observed

heterozygosity ranged from 0.236 to 0.691, with an average

of 0.554. Out of the 15 loci, ten significantly deviated from

HWE (Table 3). Among the nine farms, the variation of

allelic richness was small, ranging from 2.27 alleles per

locus in L Farm to 3.60 alleles in Javilla Farm and Mo-

quique Farm (Table 4). No private allele was observed in

any of the nine farms. The mean inbreeding coefficient

(FIS) was not low and not significant for the 15 loci

(FIS = 0.009; Table 3) as well as for all the nine farms

(FIS = -0.15 to 0.06; Table 4), showing that there was

neither deficiency nor excess of heterozygotes in the Re-

fractario cacao.

AMOVA showed that majority of the molecular vari-

ance (76%) was contributed by the within-family variation

(Table 5). The inter-family and inter-farm difference ac-

counted for 15 and 9% of the total variance, respectively,
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and both were highly significant (P < 0.01). Significant

differentiation was detected between all pairs of farms by

the AMOVA’s permutation test of F statistics (P < 0.05;

Table 5). Of the 435 pair-wise F statistics for the 30

families, 89% (385 pair-wise F-value) were found signif-

icant by permutation test.

The genetic relationships among the nine farms, as

well as their relationships with the upper Amazon

Forastero and Trinitario groups are illustrated by the

dendrogram in Fig. 1. Within the Refractario group, the

nine farms were divided into two subsets. The first subset

included Amalia Farm, Clementina Farm (including

Clementina Mixed), La Paz Farm and Moquique Farm

whereas the second subset included Balao Farm, Javilla

Farm, L Farm, Santa Lucia Farm and San Juan Farm.

The dendrogram also showed that the Refractario was

clearly separated from the Parinari and the ICS cacao

groups.

Table 2 List of 71 ‘‘Refractario’’ cacao accessions from the Amalia farm, Ecuador and their assigned population membership using Bayesian

clustering analysis

Accession Cluster Probability of assignment Accession Cluster Probability of assignment

AM 1/1(FP1278) 1 0.993 AM 2/1(FP1288) 2 0.035*

AM 1/10(FP1969) 1 0.995 AM 2/12(FP1286) 2 0.936

AM 1/107(FP45) 1 0.992 AM 2/13(FP1358) 2 0.070*

AM 1/109(FP799) 1 0.984 AM 2/17(FP2022) 2 0.989

AM 1/11(FP1972) 1 0.883* AM 2/18(FP1282) 2 0.985

AM 1/12(FP1968) 1 0.982 AM 2/18(FP1965) 2 0.985

AM 1/19(FP2145) 1 0.348* AM 2/20(FP665) 2 0.951

AM 1/21(FP696) 1 0.996 AM 2/21(FP1314) 2 0.016*

AM 1/28(FP702) 1 0.004* AM 2/3(FP1439) 2 0.988

AM 1/29(FP1716) 1 0.996 AM 2/32(FP2446) 2 0.974

AM 1/3(FP1306) 1 0.981 AM 2/36(FP562) 2 0.810*

AM 1/33(FP1317) 1 0.989 AM 2/38(FP1281) 2 0.009*

AM 1/39(FP714) 1 0.986 AM 2/38(FP1284) 2 0.007*

AM 1/40(FP1593) 1 0.997 AM 2/39(FP1966) 2 0.992

AM 1/42(FP1334) 1 0.993 AM 2/4(FP1315) 2 0.992

AM 1/42(FP708) 1 0.994 AM 2/42(FP2010) 2 0.993

AM 1/48(FP1269) 1 0.995 AM 2/43(FP2034) 2 0.065*

AM 1/49(FP1285) 1 0.990 AM 2/45(FP2297) 2 0.030*

AM 1/5(FP1564) 1 0.985 AM 2/46(FP2288) 2 0.425*

AM 1/53(FP2237) 1 0.984 AM 2/5(FP676) 2 0.908

AM 1/55(FP1337) 1 0.739* AM 2/50(FP2447) 2 0.989

AM 1/56(FP1967) 1 0.997 AM 2/53(FP1316) 2 0.121*

AM 1/60(FP1313) 1 0.988 AM 2/6(FP1289) 2 0.978

AM 1/63(FP1283) 1 0.993 AM 2/6(FP2298) 2 0.964

AM 1/68(FP1335) 1 0.990 AM 2/60(FP1559) 2 0.986

AM 1/7(FP710) 1 0.989 AM 2/61(FP1336) 2 0.004*

AM 1/70(FP678) 1 0.991 AM 2/63(FP1565) 2 0.004*

AM 1/72(FP703) 1 0.993 AM 2/64(FP264) 2 0.005*

AM 1/73(FP2147) 1 0.004* AM 2/65(FP1277) 2 0.029*

AM 1/8(FP2000) 1 0.997 AM 2/68(FP1275) 2 0.992

AM 1/85(FP1116) 1 0.980 AM 2/70(FP1338) 2 0.969

AM 1/88(FP62) 1 0.994 AM 2/83(FP2142) 2 0.143*

AM 1/95(FP370) 1 0.980 AM 2/88(FP1195) 2 0.013*

AM 1/96(1)(FP412) 1 0.005* AM 2/90(FP2143) 2 0.004*

AM 2/91(FP2144) 2 0.160*

AM 2/92(FP1606) 2 0.348*

AM 2/94(FP2146) 2 0.964

*Twenty-five accessions failed to be assigned to their home family (threshold P = 0.90)
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The relations among different families were illustrated

by the MDS plot (Fig. 2). The nine farms showed different

level of within-farm heterogeneity. In Clementina Farm,

Moquique Farm and Santa Lucia Farm, families from the

same farm were largely grouped together, suggesting their

common parentage among these families. Larger within-

farm heterogeneity was observed in Amalia Farm, Balao

Farm, Javilla Farm, La Paz Farm and San Juan Farm. In

these farms, a few family pairs appeared to have larger

difference (i.e. in the JA2–JA5 in Javilla Farm, AM1–AM2

in Amalia Farm, LP1–LP4 in La Paz Farm and SJ1–SJ2 in

San Juan Farm).

The relation between the Refractario cacao and a diverse

set of cacao germplasm groups was presented by the Prin-

cipal Coordinates Analysis (Fig. 3). The plane of the first

two main PCO axes, which accounted for 66.9% of total

variation, showed that all the Refractario germplasm was

clearly separated from the international clones used as

controls, including lower and upper Amazon Forasteros,

Trinitario, Criollo and French Guiana wild cacao. However,

all clones which are known hybrids of Nacional cacao, i.e.

clone EET 96 [ECU], UF 705, NAL 1, NAL 2, NAL 3 and

NAL 4, intermingled with the Refractario group and were

different from the true Nacional cacao (Fig. 3).

Table 3 Summary statistics of 15 microsatellite loci in Refractario cacao germplasm collected from nine farms from the coast valley of Ecuador

Locus N Na Ho He FIS HWE test

Y16981 348 4.0 0.675 0.650 –0.039 0.008

Y16980 348 4.0 0.537 0.506 –0.062 0.000

Y16995 348 3.0 0.483 0.466 –0.036 0.000

Y16996 346 5.0 0.691 0.627 –0.101 0.000

Y16982 347 4.0 0.646 0.653 0.011 0.280NS

Y16883 348 2.0 0.236 0.238 0.009 0.864NS

Y16985 347 7.0 0.530 0.553 0.042 0.000

Y16986 347 4.0 0.628 0.650 0.033 0.003

Y16988 348 3.0 0.583 0.551 –0.059 0.062NS

AJ271942 348 6.0 0.529 0.599 0.117 0.000

AJ271826 348 4.0 0.592 0.637 0.070 0.274NS

Y16991 345 4.0 0.490 0.474 –0.033 0.466NS

Y16998 347 5.0 0.625 0.698 0.105 0.000

AJ271943 347 4.0 0.522 0.605 0.137 0.000

AJ271958 348 4.0 0.540 0.508 –0.064 0.000

Mean 347.3 4.2 0.554 0.561 0.009

Sample size (N), Number of alleles (Na), Observed heterozygosity (Ho), Expected heterozygosity (gene diversity; He), Inbreeding coefficient

(FIS) and Exact test for deviation from HW equilibrium (HWE; Guo and Thompson 1992)

Values marked NS are not significant

Table 4 Diversity parameters for the Refractario cacao from nine farms in the coast valley of Ecuador

Farm (Hacienda) N K He Ho FIS

Amalia 46 2.87 0.54 0.62 –0.15

Balao 39 3.33 0.53 0.52 0.03

Clementina 58 2.92 0.51 0.53 –0.04

Javilla 58 3.60 0.55 0.61 –0.10

La Paz 39 3.20 0.50 0.57 –0.12

L 9 2.27 0.47 0.56 –0.13

Moquique 53 3.60 0.50 0.47 0.06

San Juan 22 2.73 0.52 0.54 –0.01

Santa Lucia 24 2.80 0.49 0.56 –0.11

Parinari 26 3.60 0.46 0.42 0.10

Number of accessions that passed the assignment test and were used for computation (N), Average number of alleles per locus (K), Expected

heterozygosity (He), Observed heterozygosity (Ho) and Within-population inbreeding coefficient (FIS). A sample of a natural population from

Peruvian Amazon—the Parinari group, was included as a reference group for the purpose of comparison
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Discussion

Identification of putative mislabelling and verification

of family memberships

Mislabelling of germplasm accessions has been acknowl-

edged as a serious problem in national and international

cacao collections. However, until recently tools have not

been available to clearly identify mislabelled accessions.

SSR markers are highly suitable for the application of the

assignment test, which determines the population of origin

of a single individual through Bayesian method (Pritchard

et al. 2000). The method of Pritchard et al. (2000) to assign

individuals to populations does not assume any particular

mutation model. This method needs a relatively small

number of loci to detect a very strong signal of population

structure and assign individuals appropriately (Pritchard

et al. 2000). In our previous reports, we have demonstrated

the effectiveness of using Bayesian assignment tests in

cacao germplasm identification (Zhang et al. 2006a).

In the present study, all the Refractario accessions were

labelled by the location (farm) names and their tree num-

ber. This labelling provides information of the ‘‘home

family’’ as a priori for the assignment test. With the

threshold probability at 0.90, a total of 134 accessions

(28%) failed to be assigned to their claimed families (Ta-

ble 1). Similar overall misidentification rates have been

recorded for the ICG,T (Motilal and Butler 2003; Boccara

and Zhang 2006) as well as other genebanks (Zhang et al.

2006b). The correctly assigned trees would serve as

reference true-type trees for future work on verification of

the multiple trees in the ICG,T as well as in other inter-

national and national germplasm collections. However, it

needs to be pointed out that the decision of how stringent

the threshold probability should be is subjective, and de-

pends on the purpose of the assignment test. In the present

study, our main purpose was to assess the population

structure of the Refractario germplasm group. Our goal was

to eliminate any accessions with possible ambiguous

membership, so that the confounding factors in subsequent

diversity analyses could be minimized. Therefore, we took

a highly stringent threshold for the assignment test. In the

routine use of the multilocus fingerprints for germplasm

identification, we usually take a lower threshold

(P = 0.75), and also combine assignment test with other

methods such as sib-ship reconstruction to verify the

putative mislabelling.

The genetic identity and population structure of the

Refractario cacao

Little information is available about the genetic identity of

the Refractario cacao from Ecuador. It was presumed that a

group of different varieties had contributed to the parentage

of the Refractario accessions. This presumption was based

on unpublished reports regarding the cacao varieties grown

in the coastal valley of Ecuador in the 1920s and their

resistance to witches’ broom disease (Bartley 2001). The

present results, based on microsatellite analysis, substan-

tiated the hypothesis that the Refractario is a group of

Table 5 Analysis of molecular variance (AMOVA) for SSR variation among and within nine cacao populations from the coast valley of

Ecuador

Source df SSDa MSDb Variance component % Totalc P-valued

Among pops 8 399.84 49.98 0.81 9% 0.001

Among families/pop 21 386.58 18.41 1.25 15% 0.001

Within pops 285 1,867.58 6.55 6.55 76% 0.001

Amalia 46 311.74 6.78 – – –

Balao 16 113.69 7.11 – – –

Clementina 58 442.58 7.63 – – –

Javilla 55 398.68 7.25 – – –

La Paz 36 228.61 6.35 – – –

L 9 51.78 5.75 – – –

Moquique 49 384.49 7.85 – – –

San Juan 22 167.68 7.62 – – –

Santa Lucia 24 154.90 6.45 – – –

Total 315 2,653.99 74.94 – – –

a Sum of squared deviations
b Mean squared deviations
c Per cent of total molecular variance
d Probability of obtaining a larger component estimate. Number of permutations = 1,000
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hybrids derived from multiple parents, but that these par-

ents appear to have close genetic relationships to each

other. The level of heterozygosity was high in Refractario

and there was no sign of inbreeding.

Our result also showed that the Refractario had a

distinctive genetic profile among the cacao germplasm

groups. The close genetic relationship between the Re-

fractario and the Nacional hybrids [UF 705, NAL 1,

NAL 2, NAL 3, NAL 4 and EET 96 (ECU)] suggested

that the Nacional cacao was one of the parents of the

Refractario group. However, whether the Nacional cacao

contributed pollen to those selected seedling progenies

when they were planted in different farms, or whether

those selected progenies came directly from Nacional

trees is as yet undetermined.

The present study also illustrated a population sub-

structure in the Refractario group. Significant F statistics

(P < 0.05) were observed in all 36 pair-wise comparisons

among the nine farms. Cluster analysis grouped the nine

farms into two main subsets. Within each subset, the ge-

netic profiles of different farms overlapped to a various

extent. The result again suggested that in addition to the

putative common parentage from the Nacional trees, other

different parental varieties contributed to the formation of

Refractario. However, these parental varieties all shared a

similar genetic background.

The global allelic richness of the Refractario was

moderate (4.2 alleles per locus). Using the same set of 15

SSR markers, we identified 8.0 alleles in a group of

germplasm from the Ucayali river valley of Peru (Zhang

et al. 2006a) and an average of 7.3 alleles from other upper

Amazon populations in our unpublished diversity survey in

the valleys of Rio Nanay, Rio Morona and Rio Marañón

(D. Zhang, M. Michell and D. R. Butler). This suggests that

the Refractario cacao was derived from a limited range of

genetic diversity.

Implications for cacao germplasm conservation and

crop improvement

Three major cacao diseases, witches’ broom, frosty pod rot

and black pod, constitute a serious threat to the livelihoods

of cacao farmers in the Americas. Cacao production in the

Americas has dropped by 75% in last 16 years largely due

to these three diseases. The challenges posed by these

devastating diseases create a need to explore new sources

of resistance for the present and future genetic improve-

ment of cacao.

The ICG,T holds several core sets of germplasm from

Ecuador, among which the Refractario group does not

represent a geographical population as do the other

groups. However, this group contains a useful proportion

of accessions with low pod index, high bean number,

heavy beans and resistance to Phytophthora palmivora

(Iwaro et al. 2003) and continues to show resistance to

witches’ broom disease in Trinidad (Thévenin et al.

2005), and therefore represents an important source of

breeding material. The present study verified genetic

identity and sibship relationships in the Refractario

germplasm group. We also showed that the Refractario

group has a unique genetic profile among the existing

cacao germplasm. Although it is composed of a large

number of half-sib families, the group is relatively

homogeneous suggesting that they were derived from a

small number of parents that share similar genetic back-

ground. Their uniqueness among the various germplasm

groups from the Americas, in terms of genetic composi-

tion, highlights the need to strengthen the evaluation of
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Fig. 1 Dendrogram of nine cacao populations (including 348

accessions) from the coastal valley of Ecuador and their relationship

to an Upper Amazon Forastero population from Peru and a Trinitario

population from Trinidad. The cluster analysis was based on Nei’s

distance (Nei et al. 1983)
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Refractario accessions and their usage in breeding. The

information on population structure in this germplasm

group will also allow improvement in the efficiency and

accuracy of cacao germplasm conservation.
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